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INTRODUCTION 
Atherosclerotic narrowings of the coronary arteries 
constitute the most frequent clinical problem in cardio-
vascular disease in the United States today. Coronary 
artery bypass surgery is an effective means of treat-
ment of significantly narrowed arteries, and this opera-
tion is now one of the most commonly performed surgical 
procedures. However, the selection of patients for 
coronary artery bypass surgery is a difficult problem. 
One of the most important diagnostic factors is the 
extent and distribution of coronary artery narrowings, 
as visualized from x-ray dye injection during cardiac 
catheterization. The severity of coronary artery 
obstructions is usually assessed visually, and reported 
as percent diameter or area reduction. It is generally 
assumed that there is a good correlation between the 
severity of the stenosis, as judged angiographically, 
and the reduction in coronary blood flow through the 
obstruction. Although angiography is a major technique 
used in assessing coronary narrowings, several studies 
have shown that angiographic measurements of coronary 
obstructions of intermediate severity are subject to 
large inter- and intra-observer variations and may 
correlate poorly with pathological specimens. 
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Another method has been developed to investigate the 
severity of coronary artery narrowings which is based on 
the phenomenon of reactive hyperemia. Physiologists have 
long known that the release of a transiently, totally 
occluded, blood vessel results in a marked overshoot in 
the blood flow through the vessel. This overshoot re-
sponse, the so-called reactive hyperemia response, is 
characteristic of normal vessels. It is diminished, how-
ever, as the obstruction in the vessel becomes large, 
and it is abolished totally with severe obstructions. The 
measurement of reactive hyperemia provides an indication 
of the severity of the stenosis, and therefore, is an 
important tool in the assessment of coronary artery 
lesions. 
The recent development of an ultrasonic Doppler 
velocity probe which can be coupled to the surface of 
coronary vessels during cardiac surgery has made possible 
measurements of coronary reactive hyperemia in man. Studies 
involving measurements of coronary reactive hyperemia using 
this probe have shown that the usual method of assessing 
coronary obstructions by subjective visual interpretation 
of the arteriogram can lead to erroneous conclusions re-
garding the physiological significance of coronary lesions. 
At present, cardiac surgeons are studying the use of 
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measurements of coronary reactive hyperemia, obtained during 
surgery, to guide them in decisions regarding bypass graft-
ing of angiographically equivocal obstructive lesions. 
Although the use of this method is promising, measurements 
of reactive hyperemia in coronary arteries cannot be done 
short of open heart surgery. A clinical need therefore, 
exists for preoperative measurements of reactive hyperemia 
in coronary arteries. 
A clinically applicable approach for the physiological 
evaluation of coronary lesions in man, by the use of 
reactive hyperemia, would depend on the solution of three 
related problems concerned with the development of: 
1. A preoperative, nontraumatic method to gain 
access to the region of the coronary artery con-
taining the obstruction. 
2. A safe and convenient stimulus for eliciting the 
reactive hyperemia response. 
3. A method for measuring rapid changes in mean 
coronary flow. 
Research has been initiated to attempt to solve these 
problems, and the long-range goal of this research is to 
develop and validate a method for the preoperative deter-
mination of the physiological significance of coronary 
obstructive lesions based on observations of reactive 
hyperemia. 
For the research described in this thesis, the 
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feasibility of using a balloon catheter, containing an 
ultrasonic Doppler velocity probe at its tip, to make 
intraluminal measurements of reactive hyperemia is con-
sidered. The design of the Doppler balloon catheter is 
unique in that during cardiac catheterization it can 
generate a transient occlusion with the balloon and 
subsequently measure the ensuing reactive hyperemia 
response. Specifically, this study will address the 
following questions: 
1. Can a reliable balloon catheter be developed 
having an ultrasonic Doppler velocity probe 
at its tip? 
2. Is the response of the Doppler balloon catheter 
linear when measuring phasic and mean velocity? 
3. Can the Doppler balloon cathether measure reac-
tive hyperemia, and how does the measurement 
compare to an extraluminally placed probe? 
The present study has been divided into prototype de-
yelopment and testing, and a theoretical hemodynamic evalu-
ation of the effect of the catheter on flow. It is antici-
pated that information gained in this preliminary study will 
be of value in developing a method whereby the physiological 
significance of coronary obstructive lesions can be accu-
rately assessed at the time of cardiac catheterization. 
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LITERATURE REVIEW 
The resting heart extracts most of the oxygen from the 
coronary blood as it flows through the heart muscle and 
very little of the heart's oxygen needs can be met by 
additional extraction of oxygen from the coronary blood. 
Therefore, the only significant way in which the heart 
can be supplied with additional amounts of oxygen is 
through an increase in blood flow, usually referred to as 
hyperemia. When an artery is completely occluded for a 
few seconds to a few minutes with a subsequent sudden re-
lease of the occlusion, the blood flow increases dramatical-
ly to several times resting levels. It remains high for a 
few seconds to a few minutes depending on the period of 
occlusion. This phenomenon is referred to as the reactive 
hyperemia response, or more simply, as reactive hyperemia. 
Figure 1 is a diagrammatic representation of this type of 
response. The parameters of interest in evaluating 
reactive hyperemia are the ratio of mean peak flow to mean 
resting flow, and the duration of occlusion. Normal coro-
nary arteries have mean peak to resting flow ratios of 
4.3 + 0..9 (.S.D.) according to Gould et al. (1974) in dogs, 
and 5.8 + 0..6 (S.D.) according to Marcus et al. (1981) in 
man. 
As the obstruction becomes more severe, the mean peak 
Figure 1. 
Figure 2. 
Diagrammatic representation of the reactive 
hyperemia response 
The effect of obstr)lction upon mean flow of 
the reactive hyperemia response of a diseased 
artery 
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to resting flow ratio diminishes until mean peak flow 
approaches mean resting flow. Figure 2 illustrates the 
effect of obstruction on the mean peak flow in a diseased 
artery. Young et al. (1977) has shown that a coronary 
stenosis becomes critical sooner at hyperemic flow rates 
than at resting flow rates. According to Gould et al. 
(1974), a critical coronary stenosis is defined as a con-
striction sufficient to prevent an increase in flow over 
resting values in response to increased myocardial oxygen 
demands. Gould found that resting coronary blood flow 
does not decrease until coronary arterial diameter is 
reduced by 85 percent. However, maximal coronary flow, or 
coronary flow reserve, begins to decrease with stenosis 
of 30 to 45 percent of arterial diameter, and the capacity 
to increase flow over resting levels in response to a 
vasodilatory stimulus disappears with constriction of 88 
to 93 percent of arterial diameter. 
Although the coronary arteriogram does provide 
anatomic definition of coronary lesions, it offers little 
insight into their hemodynamic consequences short of total 
or near total occlusion. White et al. (1980) has shown 
that with coronary obstructions of intermediate severity 
(10-90%) the cor~elation between the severity of the 
stenosis and the vasodilator capacity of the vessel was 
very poor (r=O.l). The angiographic measurement both 
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overestimated and underestimated the severity of the lesion 
as judged from the reactive hyperemia response. More 
recent studies by Harrison et al. (1981), U?ing the tech-
nique developed by Brown et al. (1977) to assess the mini-
mum cross-sectional area by computer-based quantitative 
coronary angiography, have shown that the correlation 
between the reactive hyperemia response and the percent 
area stenosis was poor (r=-0.14). Thus, evaluations of 
coronary obstructions of intermediate severity by angio-
graphy may be insufficient in determining the hemodynamic 
consequences of such lesions. Therefore, measurements of the 
mean peak to resting flow ratio obtained from the reactive 
hyperemia response provides independent, complementary 
information on the hemodynamic significance of angio-
graphically demonstrated lesions. 
Measurements of coronary flow. and reactive hyperemia in 
humans are hampered by methodological problems. Folts 
et al. (1979) measured phasic coronary flow by placing an 
electromagnetic flowmeter around the proximal right coronary 
artery during cardiac surgery. This method has been em-
ployed infrequently because it requires extensive surgical 
dissection for the placement of the flow probe. Several 
investigators have placed electromagnetic f lowmeters on 
coronary bypass grafts, including Matthews et al. (1971), 
Bitt·ar et al. (1972), Greenfield et al. (1972) and Olinger 
10 
et al. (1976). 
Catheters with ultrasonic Doppler piezoelectric 
crystals mounted at the tip have been in existence for 
some time. Benchimol et al. (1971) measured phasic 
coronary velocity in man with a standard coronary catheter 
with a crystal mounted at its tip. Hartley et al. (1974) 
reported on the development of a single ultrasonic catheter-
tip velocity probe. This system utilized a 1.7 mm diameter 
piezoelectric crystal with a central 0.5 mm diameter lumen. 
The crystal was fastened to the tip of a 5 Fr Sones coro-
nary catheter. Cole and Hartley (1977) measured phasic 
coronary velocity in man using this catheter, which could 
be introduced into the ostium of the left or right main 
coronary artery. This technique has not been widely util-
ized since coronary velocity cannot be measured beyond the 
main coronary ostia and because the method used to induce 
ischemia, by injections of contrast media, is difficult to 
apply quantitatively. 
An easy and safe method for recording phasic coronary 
velocity and reactive hyperemia has been extensively 
studied and validated in humans by Marcus et al. (1981). 
This single crystal Doppler velocity probe consists of a 
small piezoelectric 20 MHz crystal which is bonded to a 
small transparent plastic suction pad. Two thin stainless 
steel wires are attached to the opposite side of the 
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crystal. A small amount of suction is used to couple the 
Doppler crystal to the coronary vessel at the time of 
cardiac surgery. A large number of in vitro and in vivo 
studies have been performed to test the safety of this 
Doppler system in man and to validate the findings. Animal 
studies have shown that the probe does not alter myocardial 
perfusion or cause tissue damage. Changes in mean coronary 
flow as measured by timed venous outflow or by an electro-
magnetic• flowmeter in the experimental animal are closely 
correlated (r=0.9) to changes in mean coronary velocity 
using the suction Doppler probe. In these studies, 
coronary flow was varied over a wide range by employing 
pharmacologic and physiologic stimuli. The characteristics 
of reactive hyperemia in the coronary circulation of dogs 
determined with the suction Doppler probe has been shown to 
be similar to those obtained simultaneously with an 
electromagnetic flowmeter. Values for flow velocity can be 
converted to absolute coronary flow only if the diameter of 
the vessel and the angle between the flow stream and the 
beam of ultrasound are known. However, since the ratio of 
mean peak to resting velocity is approximately equal to the 
ratio of mean peak to resting absolute flow, it is not 
essential to know the vessel size or catheter angle in 
order to determine reactive hyperemia. 
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According to Gould et al. (1974), there is a need for 
a convenient, safe, and effective method of stimulating 
and monitoring brief hyperemia in man to complement angio-
graphic demonstrated lesions with hemodynamic evaluation 
of such lesions. The problem with existing probes for 
monitoring reactive hyperemia and phasic velocity in man 
described is that they either can only be used at the time 
of cardiac surgery, or, in the case of catheter-tip 
ultrasonic probes, cannot either generate reactive hyper-
emia or cannot be subselectively guided in the coronary 
tree. Therefore, at the present time, there is no 
established method to preoperatively assess the hemodynamic 
significance of angiographically demonstrated coronary 
arterial lesions in man. 
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PROTOTYPE DEVELOPMENT 
In the present study, an attempt has been made to 
use an ultrasonic catheter-tip velocity probe to measure 
reactive hyperemia. In addition to being able to measure 
reactive hyperemia, it was desired that the device be able 
to generate a temporary occlusion of the vessel. With 
these design constrictions in mind, a prototype was con-
structed. 
The first prototype utilized a 7 Fr Swan-Ganz. thermo-
dilution catheter. This catheter was chosen because it 
contained electrical wires that extended to within 3 cm of 
the distal tip. The distal crown of this catheter was 
removed to the distal segment of the balloon cuff. The 
thermistor was also removed and additional electrical wires 
attached. These additional electrical wires were used to 
connect the thermistor wires to a 1 mm diameter piezo-
electric Doppler crystal which was epoxied to the distal 
tip of the catheter at a 4 5 degree angle to flow. ·'The 7 
Fr Swan-Ganz catheter prototype was abandoned in this 
present study because it was considered too large in 
diameter for the coronary tree. Since hemodynamic evalua-
tion of coronary obstructions is the ultimate goal of this 
research, it was decided that the use of a coronary balloon 
catheter would be more advantageous. 
14 
For the second prototype, a 1 nun diameter ultrasonic 
piezoelectric crystal was affixed to the distal tip of a 
4 Fr U.S.C.I. Gruntzig type 20-30 percutaneous transluminal 
coronary dilatation (type G) angioplasty catheter. Per-
cutaneous transluminal coronary angioplasty is a non-
surgical technique which expands coronary obstructive 
lesions by the inflation of a precisely constructed poly-
vinyl chloride balloon attached to the distal tip of a 1.3 
nun diameter catheter. These catheters have the following 
features which are especially desirable for these studies. 
1. The catheter can be gufuded into position 
subselectively in the coronary tree using a 
standard preformed guiding catheter. 
2. The balloon is constructed so that inflation, 
even to supra-atmospheric pressures does not 
increase the dimensions of the balloon. It is 
resistant to rupture up to 7 atm. pressure. 
3. The balloon inflates uniformly around the , ' 
catheter. 
4. The balloon can be inflated with a radio-opaque 
solutions (i.e., dilute Renografin-76) so that 
the exact location of the balloon can be identi-
fied. 
5. Although the length of the balloon is standard 
(20 nun) several maximal inflation diameters are 
available (2, 3, and 3.7 nun). 
6. The extent of the balloon while deflated is .marked 
with platinum markers so that the proximal and 
distal extent can be visualized under fluoroscopy 
during subselective coronary insertion. 
7. A distal opening for measuring pressure is avail-
able on the side of the catheter, just distal to 
the balloon. 
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Because of these advantages, this type of catheter was 
chosen for the study. The angioplasty dilatation cathe-
ters were modified in the following manner: 
1. The flexible wire at the distal tip of the 
catheter was removed to expose the internal 
lumen. 
2. A stainless steel guidewire was introduced 
from the distal end of the catheter through the 
pressure lumen and advanced the length of the 
catheter to its proximal end. 
3. Two ultra fine copper wires were soldered to the 
distal end of the guidewire. 
4. The guidewire was withdrawn out the pro:1<1imal 
end, bringing the copper wires from the distal 
to the proximal end of the catheter. 
5. A 1 ·mm diameter 20 MHz piezoelectric crystal 
was soldered to the distal electrical wires. 
The crystal (P2T-5A Valtec, Hopkinton) is 
furnished from the supplier fine-ground with 
gold plate on each side. 
6. The crystal was affixed to the distal end of 
the catheter with biocompatible epoxy resin and 
hardener. 
7. A special plastic adapter was attached to the 
proximal end of the pressure lumen and the 
electrical wires exited through holes in the 
plastic adapter. 
8. The proximal electrical wires were soldered 
to prongs attached to the outside of the 
plastic adaptor. 
9. The prongs were fixed so that they could be at-
tached by connectors to the pulsed Doppler unit. 
A photograph of the Doppler balloon catheter is shown in 
Figure 3. 
Figure 3. The Doppler balloon catheter 
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The 20 MHz, ultrasonic directional pulsed Doppler 
meter is a modification of a circuit developed by 
Hartley et al. (1974, 1978). Precise details of the 
modifications in the circuitry have been published by 
Marcus et al. (1981). This system can accurately measure 
velocities up to 100 cm/s, ranged anywhere from 0-10 mm 
away from the crystal. Phasic arterial velocity can be 
measured with a signal to noise ratio that exceeds 20:1. 
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EXPERIMENTAL METHODS AND DATA 
In Vitro Studies 
An in vitro model was devised to test the linearity 
of the Doppler balloon catheter in both steady and pulsa-
tile flow. A model that would give an indication of the 
linearity of the Doppler balloon catheter at the range 
of velocities and range of diameters found in the human 
coronary circulation was desired. With these parameters 
in mind, the model was constructed. 
Tubes of 2, 3, 4, and 6 ·mm internal diameter were 
chosen to test if the presence of the catheter in the lumen 
would significantly alter the linearity of the device. 
Measurements obtained from an electromagnetic flowmeter, a 
l mm diameter ultrasonic piezoelectric crystal mounted in a 
port in the tube wall, and timed collection in a graduated 
cylinder were used as standards. The fluid used in the 
in vitro models was a mixture of saline and starch. Saline 
was used as a conducting medium for the electromagnetic 
flowmeter, and starch was used as a reflective medium 
for the ultrasonic probes. The Doppler balloon catheter 
was always pointed in the same direction as flow in order 
to simulate coronary artery catheterization. 
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Steady-flow model 
The steady-flow model utilized gravity flow through 
polyethylene tubes of 2, 3, 4, and 6 mm internal diameter. 
An electromagnetic flowmeter transducer was located 
distal to the tip of the Doppler balloon catheter. Figure 
4 is a diagram of the steady-flow model. The first 
steady-flow data were collected by taking numerous random 
measurements of flow with the electromagnetic flowmeter, 
Doppler balloon catheter, and by timed collection in the 4 
and 6 mm diameter tubes over a velocity range of 0-100 
cm/s. The Reynolds number ranged from 276-6816 (assuming 
the density and viscosity of the solution was essentially 
that of saline) . In order to speed the process of taking 
data, the electromagnetic flowmeter was first calibrated 
against flow in a graduated cylinder. Then the results 
obtained with the Doppler balloon catheter were compared 
with those obtained with the electromagnetic flowmeter. 
Correlation coefficients of 0.992 and 0.988 were obtained 
in the 4 and 6 mm tubes, respectively, when average 
velocities, as indicated by the Doppler balloon catheter 
were compared with the corresponding reading from the 
electromagnetic flowmeter. Table l is a listing of 
velocities obtained by this method. Data were not collected 
for the 2 and 3 mm diameter tubes because numerous random 
Figure 4. Diagram of the steady-flow model 
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Table 1. Listing of velocities obtained in the steady-
flow model by taking measurements with both the 
Doppler balloon catheter (DBC) and timed 
collection (Velocity) in the 4 and 6 ·mm tubes 
4 -,nm I.D. 6 ·mm I.D. 
DB Ca Velocity DB Ca Velocity 
(KHz) (cm/s) (KHz) (cm/s) 
0.00 0.0 0.12 o.o 
0.08 9.2 0.14 4.1 
0.12 18.0 0.18 11.8 
0.18 26.6 0.18 14.0 
0.20 31.5 0.20 16.2 
0.28 36.5 0.24 19.3 
0.36 43. 4 0.28 24. 2 
0.48 54.5 0.30 25.2 
0.56 56.7 0.30 27.7 
0.64 62.3 0.36 30.0 
0.70 67.5 0.50 31.8 
0.74 71.6 0.50 35.8 
0.82 80.5 0.50 36.6 
0.84 83.2 0.56 42.2 
0.92 94.9 0.60 43.6 
0.98 98.1 0.64 47.8 
0.78 52.0 
0.74 54.4 
0.80 55.8 
0.68 57.0 
0.84 60.9 
0.88 63.7 
0.78 66.8 
0.96 70.7 
0.92 74.6 
0.96 75.9 
0.94 79.2 
1.04 82.0 
0.98 84.0 
1.04 88.2 
1.08 92.0 
1.12 94.0 
1.12 95.1 
1.22 97.0 
1.18 101.4 
aThe readings listed for the Doppler balloon catheter 
are the averages obtained at those particular velocities. 
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flows could not be generated. 
Next, 8-10 random velocities ranging from 0-100 cm/s 
were measured by the Doppler balloon catheter and compared 
with corresponding timed collections in each of the 2, 3, 
4, and 6 mm tubes. The Reynolds numbers ranged from 150-
7046, The correlation coefficients for these tests were 
0.977, 0.996, 0.996, and 0.996 in the 2, 3, 4, and 6 mm 
diameter tubes, respectively. Table 2 is a listing of the 
results of these tests. The Doppler balloon catheter ap-
peared to exhibit the most linear behavior in the larger 
tubes. A graph of the velocity expressed as a frequency 
shift in KHz, as measured by the Doppler balloon catheter, 
versus average velocity measured by timed collection for 
the 4 mm diameter tube is shown in Figure 5. This figure 
is typical of the larger tubes and demonstrates the linear 
relationship between the Doppler frequency and the 
velocity. 
Pulsatile-flow model 
The next phase of the experimental program was to 
test if the linearity of the Doppler balloon catheter 
was effected by movement of the catheter inside the lumen 
of the tube as a result of phasic changes in flow. The 
pulsatile-flow model used stainless steel tubes of 2, 3, 
4, and 6 mm internal diameter with a port built into the 
Table 2. Listing of velocities obtained in the steady-flow model by taking 10 
random measurements with both the Doppler balloon catheter (DBC) 
and timed collection (velocity) in the 2, 3, 4, and 6 ·mm tubes 
2 mm I.D. 3 mm I.D. 4 ·mm I.D. 6·mm I.D. 
DBC Velocity DBC Velocity DBC Velocity DBC Velocity 
(KHz) (crn/s) (KHz) (cm/s) (KHz) (crn/s) (KHz) (crn/s) 
0.00 o.o 0.00 0.0 0.06 0.0 0.10 0.0 
0.02 6.7 0.08 10.0 1.14 13.3 1.08 14.8 
0.04 12.1 0.14 17.3 2.00 23.0 1.74 22.1 
0.06 23.9 0.18 21.1 3.44 35.6 2.20 33.5 
0.08 31.5 0.26 25.2 3.90 47.0 2.88 51.7 
0.10 36.9 0.36 36.2 5.20 55.1 3.50 63.7 
0.12 38.2 0.46 45.3 6.16 67.7 4.40 72.2 
0.14 43.9 0.54 47.0 7.30 79.7 5.46 95.4 "' 0.60 55;0 7.82 91.8 5.76 99.7 LT1 
0.66 58.3 8.44 101.9 5.94 104.8 
Figu~e 5. Measurements of velocity in a 4 ·mm internal 
diameter tube with the Doppler balloon 
catheter in an in vitro steady-flow series 
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wall of the tube. A 20 MHz ultrasonic piezoelectric 
crystal was placed in the port at an approximately 45 
degree angle pointing in the same direction as flow. The 
fixed Doppler crystal was used to identify any differences 
in the Doppler balloon catheter due to movement of the 
catheter. A Harvard pulsatile pump was used to generate 
the phasic flow pattern. An electromagnetic flowmeter, 
the Doppler crystal mounted in the port, and timed collec-
tion were used as standards. A diagram of the pulsatile-
flow model is shown in Figure 6. The pump was turned on 
and, off to compare the reaction of the three devices to 
transient changes in flow. All three devices appeared 
equally responsive to phasic changes in flow. 
Pulsatile flow data were obtained at 4-5 random flow 
rates. Peak velocity ranged from 50 cm/s in the 2 ·mm tube 
to 90 cm/s in the 3, 4, and 6 ·mm tubes. Reynolds numbers 
ranged from 356-5552 and the Womersley (a) parameter 
varied from 1.08-7.96. Because of the pump and system 
used, only 4-5 random flows were generated. The Doppler 
balloon catheter yielded correlation coefficients for 
mean velocity of 0.856, 0.802, 0.973, and 0.999 for the 2, 
3, 4, and 6 ·mm diameter tubes, respectively, when com-
pared with mean velocities obtained by timed collections. 
Table 3 is a listing of the results of these tests. The 
Doppler balloon catheter was again most linear in the 
Figure 6. Diagram of the pulsatile-flo~ system 
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larger tubes. A typical graph of velocity measured by 
the Doppler balloon catheter in KHz versus mean velocity 
measured by timed collection for the 4 mm tube is shown in 
Figure 7. The Doppler balloon catheter yielded correlation 
coefficients for peak velocity compared to peak flow measured 
by the electromagnetic flowmeter of 0.917, 0.938, 0.982, 
and 0.999 for the 2, 3, 4, and 6 mm tubes, respectively. 
Table 4 is a listing of peak velocities obtained by this 
method. Figure 8 is a graph of peak velocity measured by 
both the Doppler balloon catheter and the fixed Doppler 
crystal in KHz versus flow measured by the electromagnetic 
flowmeter in volts. The straight lines shown in Figure 
7 and Figure 8 are included to simply indicate the ideal 
response, i.e., a linear variation over a wide range of 
velocities. Deviation from these lines represent a combina-
tion of experimental scatter in the data and nonlinear 
behavior of the devices. 
In Vivo Studies 
In vivo testing consisted of catheterizing the arteries 
of 5, 20-25 Kg dogs in the same direction as flow in an 
approximately 3-5 mm internal diameter section. The dog 
femoral artery was chosen as an in vivo model of the 
human coronary circulation because it has similar 
diaI!Jeters and flow rates without the added complication of 
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Table 3. Listing of mean velocities obtained in the 
pulstaile-flow model by taking 4-5 random meas-
urements with the Doppler balloon catheter 
(DBC), fixed Doppler crystal (Crystal), electro-
magnetic flowmeter (EMF) , and timed collection 
(Velocity) in the 2, 3, 4, and 6 ··mm tubes 
2 ·mm I. D. 
3· mm I.D. 
4 ·mm I.D. 
6 mm I.D. 
DBC 
(KHz) 
0.0 
4.5 
10.3 
10.2 
0.0 
2.6 
8.2 
22.9 
14.6 
o.o 
3.6 
7.1 
15.2 
18.4 
o.o 
1.5 
5.9 
11.7 
18.9 
Crystal 
(KHz) 
0.0 
2.6 
8.1 
6.7 
0.0 
5.0 
9;4 
13.0 
13.8 
o.o 
3.2 
5.4 
10.0 
13.6 
0.0 
1.6 
4.9 
9.4 
14.5 
EMF 
(Vol ts) 
0.00 
0.02 
0.06 
0.05 
0.00 
0.04 
0.12 
0.05 
0.15 
0.00 
0.06 
0.12 
.o. 21 
0.38 
0.00 
0.07 
0.30 
0.54 
0.89 
Velocity 
(cm/s) 
0.0 
15.9 
29.0 
42.3 
o.o 
16.5 
35.1 
49.0 
59.1 
0.0 
13.2 
25.7 
56.0 
90.2 
0.0 
7.4 
24.5 
49.0 
82.6 
Figure 7. Measurements of velocity in a 4 ·mm internal 
diameter tube with the Doppler balloon 
catheter in an in vitro pulsatile-flow 
system 
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Table 4. Listing of peak velocities obtained in the 
pulsatile-flow model by taking 4-5 random 
measurements with the Doppler balloon cathether 
(DBC) , fixed Doppler crystal (Crystal) , and 
electromagnetic flowmeter (EMF) in the 2, 3, 
2·mm I.D. 
3 ·mm I .D. 
4 ·mm I .D. 
6 ·mm I .D. 
4, and 6 mm tubes 
DBC 
(KHz) 
0.00 
7.69 
9.76 
13.43 
0.00 
5.43 
13.10 
17.52 
16.73 
0.00 
7.44 
15.39 
25.35 
29.41 
0.00 
2.99 
13.58 
25.24 
36.73 
Crystal 
(KHz) 
0.00 
4.49 
10.13 
8.98 
o.oo 
10.08 
14.33 
17.87 
17.01 
0.00 
6.26 
10.91 
18.23 
22.17 
0.00 
3.15 
10.39 
19.96 
25.71 
EMF 
(Vol ts) 
o.oo 
0.04 
0.04 
0.08 
o.oo 
0.09 
0.20 
0.20 
0.20 
0.00 
0.12 
0.26 
0.49 
0.70 
o.oo 
0.18 
0.59 
1.21 
1.86 
Figure 8. Graph of peak velocity measured by both the 
Doppler balloon catheter and the fixed Doppler 
crystal in KHz versus peak velocity measured 
by the electromagnetic flowmeter (EMF) in volts 
in the 4 mm tube 
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movement due to the contraction of the heart as exists 
in the coronary circulation. The standard used to evaluate 
the ability of the Doppler balloon catheter to measure 
phasic velocity and reactive hyperemia was the suction 
Doppler probe developed by Marcus et al. (1981). 
In the first experiments, the Doppler balloon catheter 
was entered into the abdominal aorta in the direction of 
the femoral artery. Though measurements in the femoral 
artery were attempted, none proved successful. Thus, the 
first two experiments, data collection was limited to 
placement of the catheter in the lower abdominal aorta and 
iliac artery, and no simultaneous measurements (balloon 
catheter and suction Doppler) were obtained.. .'Temporary 
occlusions were generated by clamping the abdominal aorta 
for 20-30 seconds. 
For the last three experiments, the surgical procedure 
was changed. In order to facilitate catheterization, the 
Doppler balloon catheter was entered into the left external 
carotid and guided with f luoroscopy into the left femoral 
artery. The femoral artery was exposed so that the suction 
Doppler probe could be placed distal to the tip of the 
Doppler balloon catheter. Arterial pressure was recorded 
by placing a cannula in the right femoral artery. Phasic 
velocity and reactive hyperemia were monitored. Some 
simultaneous recordings of phasic velocity and reactive 
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hyperemia were recorded in two of the experiments. Samples 
of some of the best recordings follow. These particular 
recordings were taken with the Doppler balloon catheter 
placed in the caudal iliac - cranial femoral artery. 
Temporary 20-30 sec occlusions were generated by occluding 
the femoral artery distal to the tip of the Doppler balloon 
catheter. Figure 9 is a recording of phasic velocity with 
the Doppler balloon catheter and arterial pressure in the 
femoral artery of an anesthetized dog. A recording of 
reactive hyperemia as determined with the Doppler balloon 
catheter, and arterial pressure following a 20· sec femoral 
occlusion is shown in Figure 10. Figure 11 shows a simul-
taneous recording of phasic velocity by both the Doppler 
balloon catheter and the suction Doppler probe. A simul-
taneous recording of reactive hyperemia following a 20 sec 
femoral occlusion is shown in Figure 12. Although the 
balloon of the Doppler balloon catheter has been used to 
generate temporary occlusions to flow, the proceeding re-
cordings used occlusions where the femoral artery was 
clamped shut because the catheter was located in a greater 
than 3 mm internal diameter section of the vessel. 
These dog studies demonstrated the ability of the 
Doppler balloon catheter to measure phasic velocity and 
reactive hyperemia in a 3-5 mm internal diameter section 
of artery. Furthermore, the phasic velocity and the reactive 
Figure 9. Recording of phasic velocity with the 
Doppler balloon catheter and arterial 
pressure in the femoral artery of an 
anesthetized dog 
Figure 10. Recording of mean velocity with the Doppler 
balloon catheter and arterial pressure fol-
lowing transient femoral artery occlusion 
in an anesthetized dog 
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Doppler probe following transient femoral 
artery occlusion in an anesthetized dog 
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hyperemic response measured by the Doppler balloon catheter 
was similar to that obtained with the extraluminal suction 
Doppler probe. 
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DISCUSSION OF EXPERIMENTS 
The in vitro and in vivo models of the coronary 
circulation used in this study have demonstrated the 
approximate linearity of the device and its ability to 
measure phasic velocity and reactive hyperemia. Although 
the linearity of the Doppler balloon catheter was in 
general less in the pulsatile-flow model {compared to the 
steady-flow model), the capability of the device to 
measure phasic velocity and reactive hyperemia was similar 
to that measured by the extralurninal suction Doppler 
probe. The Doppler balloon catheter appeared to perform 
best in vessels and tubes greater than 3 mm and less 
than 6 mm in diameter. 
A problem with the Doppler balloon catheter prototype 
appears to be the fact that at vessel diameters of 3 mm 
and less, the catheter became almost incapable of recording 
meaningful data with either mean or phasic flow. Another 
inherent problem with the intralurninal Doppler balloon 
catheter is that the exact position of the Doppler crystal 
relative to the center of the vessel is difficult to con-
trol. 
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HEMODYNAMIC EVALUATION AND DEVELOPMENT 
OF THEORETICAL MODEL 
A separate aspect of the study was to determine what 
effect the placement of a catheter in an artery might 
have upon mean velocity and reactive hyperemia. In the 
normal artery, the major contributor of resistance to flow 
is made by the peripheral vascular beds. This resistance 
is called the peripheral resistance. The effect of a 
stenosis is to generate a second resistance which will be 
referred to as stenosis resistance. The presence of the 
catheter within the vessel will add an additional resis-
tance to the system, and the total resistance to flow within 
a catheterized, obstructed vessel is then the sum of these 
three resistances. 
When the vessel is temporarily occluded during meas-
urements of reactive hyperemia, the peripheral resistance 
falls to a minimum value. The subsequent increase in flow 
after release of occlusion is governed only by whatever 
resistance remains. In the case of an obstructed artery, 
the peak flow after release of occlusion varies inversely 
with the severity of the stenosis. The addition of the 
catheter to the system adds an additional resistance to the 
system which further decreases the peak flow after re-
lease of occlusion. Therefore, to evaluate the signifi-
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cance of stenosis resistance upon the mean peak to 
resting flow ratio, the contribution due to catheter 
resistance must be considered. 
Idealized Model 
In order to estimate the hemodynamic effect of 
the catheter, a highly simplified model has been de-
veloped. The model assumes the catheter to be inserted 
concentrically within an unobstructed vessel of constant 
diameter and neglects the effect of the balloon. In 
addition, steady flow is assumed. A diagram of the 
model is shown in Figure 13. The model considers the 
pressure drop at various points as the ratio, r 1/r0 
(where r 1 is the catheter radius and r 0 is the vessel 
radius), and the dimensionless axial distance from the 
entrance of the vessel, i;r0 , is varied. The model 
assumes vessels of constant diameter with steady flow, 
Q, at constant Reynolds numbers, Re. 
The flow rates and vessel diameter chosen for the 
model are based on values for internal diameter and 
mean resting and mean hyperemic flow rates commonly found 
in the coronary circulation. Gould et al. (1974-) de-
termined that the left circumflex coronary artery of 
dogs has an average outside diameter of 3.3 + 0.3 mm 
(S.D.), mean resting flow of 48 + 18 ml/min (S.D.) and a 
Figure 13. Diagram of the catheter hemodynamic model 
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mean peak to resting flow ratio of 4.3 + 0.9 (S.D.). 
Kirkeeide (1978) found in the left circumflex artery 
of dogs an average lumen diameter of 3.0 mm, mean 
resting flow of 40 + 14 ml/min (S.D.), and an average 
mean peak to resting flow ratio of 4.8. Marcus et al. 
(1981) found a peak to mean resting flow ratio of 
5.8 + 0.6 (S.D.) in the coronary circulation of humans. 
Based on these references, it was decided to use a model 
lumen diameter of 3.0 mm, mean resting velocity of 10 cm/s, 
and a mean peak to resting flow ratio of 5.o.· The ini-
tial pressure and velocity at the coronary artery entrance 
is taken as that of the ascending aorta. Milnor (1982) 
lists a value for human ascending aorta mean velocity, 
ua, of 16 cm/s and ascending aorta mean pressure, Pa' 
as 85 mm Hg. Milnor also lists blood density, p, as 
1050 Kg/m3 and blood viscosity, µ, of 0.004 N.s/m2. 
To simulate coronary catheterization, catheter 
sizes of 2, 3, 4, and 5 Fr were used. Table 5 shows the 
diameter, n1 , and r 1;r0 ratio for each catheter size. 
The axial distances, i, from the entrance of the vessel 
to the distal tip of the catheter used in the model were 
2, 4, 6, 8, and 10 cm. To evaluate the pressure drop at 
mean hyperemic flow, a velocity of 5 times resting 
velocity was used. Thus, pressure drops were calculated 
' ' at a resting velocity of 10 cm/s (Q = 42.4 ml/min, Re = 79) 
I 
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Table 5. Table of catheter diameter and catheter to 
vessel radius ratio for each catheter size 
co 0=3. mm) 
Catheter D1 
rl/ro size mm 
2 Fr 0.67 0.22 
3 Fr 1. 00 0.33 
4 Fr 1. 33 0.44 
5 Fr 1.67 0.56 
and a hyperemic velocity of 50 cm/s (Q = 212.0 ml/min, Re 
= 395) . 
Calculations 
Five sets of calculations were performed in con-
junction with the model. The first step utilized the 
Bernoulli equation to estimate the pressure drop, 
6p = pa-p0 , between the ascending aorta and the entrance 
region of the coronary artery. With the mean velocity 
of the ascending aorta, u , mean velocity of the coronary a 
artery, u0 , and blood density, p, known, the pressure 
drop, 6p = pa-p0 , could be calculated through the 
equation 
(1) 
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The pressure drop was calculated at both resting and 
hyperemic velocities. In both cases, the value for the 
pressure drop was less than 1 mm Hg. Therefore, it was 
assumed that the mean pressure in the entrance region of 
the vessel was approximately equal to the mean pressure 
of the ascending aorta (p0 " Pa = 85 mm Hg). 
Next, the pressure drop, 6p = p 0-p1 , from the 
entrance of the vessel to some axial distance from the 
entrance of the vessel without a catheter was calculated. 
The axial distances from the entrance considered were 
2, 4, 6, 8, and 10 cm. The pressure drops at both 
resting and hyperemic conditions were calculated for 
each axial distance. The method developed by Schmidt and 
Zeldin (1969) was used. This particular method was chosen 
because it allows evaluation of the velocity distribution 
and pressure drop with laminar flows.in inlet sections 
of tubes. The axial distance from the entrance, vessel 
diameter, and Reynolds number must be known to evaluate 
the pressure drop. The pressure drop at various axial 
distances from the entrance of the vessel can be obtained 
from the equation 
= fZ + K (2) 
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where f is the fully developed friction factor 
f = 64/Re 
with 
and Z is the nondimensional axial distance from the vessel 
entrance 
where n0 is the diameter of the vessel. 
The entrance region pressure drop coefficient, K, 
is a function of axial position and reaches an asymptotic 
value as the flow becomes fully developed. In order to 
determine K, a graph developed by Schmidt and Zeldin of K 
versus Z/Re for varying Reynolds numbers was used. With Re 
and Z/Re known, K could be estimated. With f, Z, K, p, 
and u0 specified, the pressure drop, 6p = p 0-p1 , could be 
determined. Table 6 is a listing of the pressure drop 
divided by mean ascending aorta pressure, 6p/p , calcu-
a 
lated for the resting and hyperemic condition for each 
axial distance from the tube entrance. 
The next step was to calculate the pressure drop 
created by 2, 3, 4, and 5 Fr catheters. The pressure 
drop at both resting and hyperemic conditions was calcu-
lated for axial distances from the entrance of the vessel 
of 2, 4, 6, 8, and 10 cm. The relationships developed 
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Table 6. Table of dimensionless pressure drop with no 
catheter 
~,/ro Resting Hyperemic llp/p llp/p a a 
13.33 0.003 0.024 
26.67 0.006 0.038 
40.08 0.008 0.052 
53.33 0.011 0.065 
66.67 0.013 0.077 
by Sparrow and Lin (1964) were used for these calcula-
tions. In this study, Sparrow and Lin developed an 
analytical method for determining the laminar flow and 
pressure drop in the entrance region of annular ducts. 
This method lends itself well to the present study if the 
catheter is assumed to be positioned concentrically 
within a vessel of constant diameter and constant Reynolds 
number. This method is based on an equation similar to 
that used in the previous set of calculations, i.e., 
+ K ( 3) 
where Dh is bhe hydraulic diameter, 
u 1 is the mean annular velocity, 
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Q = 
and Re is given by the relationship 
Re 
The friction factor, f, is calculated from the equation 
f·Re = (4) 
The value of K was determined from a graph developed by 
Sparrow and Lin in which K versus 4(Z/Re) is given for 
various values of r 1/r0 . Table 7 gives the pressure drop 
divided by mean ascending aorta pressure, lip/pa' at resting 
and hyperemic conditions for each of the axial distances 
from the entrance of the vessel. 
The next step was to estimate the pressure rise, 
lip = p1 -P2r in the expansion region just distal to the tip 
of the catheter. The momentum equation was used to evalu-
ate the system. The derivation of pressure drop utili-
zing the momentum equation is given in the Appendix. For 
the range of parameters considered in this study, the 
pressure rise was found to be negligible. Thus, for all 
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Table 7. Table of dimensionless pressure drop for each 
catheter size and axial distance from the 
entrance of the vessel 
Catheter 
size 2 Fr 3 Fr 4 Fr 5 Fr 
!l/r0 lip/pa 
llp/p 
a 
llp/p 
a lip/pa 
A. Resting flow conditions 
13.33 0.007 0.010 0.015 0.029 
26.67 0.013 0.019 0.029 0.058 
40.00 0.019 0.028 0.044 0.087 
53.33 0.026 0.038 0.058 0.115 
66.67 0.032 0.047 0.073 0.144 
B. HyEeremic flow conditions 
13.33 0.041 0.057 0.084 0.160 
26.67 0.074 0.104 0.157 0.305 
40.00 0.106 0.151 0.229 0.449 
53.33 0.138 0.198 0.301 0.593 
66.67 0.170 0.245 0.373 0.737 
practical purposes, the significant pressure gradient in-
duced by the catheter is lip= p
0
-p1 , i.e., entrance and 
exit effects are very small compared to the pressure drop 
in the annular region along the catheter. Graphs of 
(p0-p1 J/pa versus !l/r0 for both resting and hyperemic flow 
rates were constructed for each of the 2, 3, 4, and 5 Fr 
catheters. These dimensionless graphs are shown in 
Figures 14, 15, 16 and 17, respectively. 
Figure 14. A graph of dimensionless pressure drop 
versus dimensionless axial distance for 
the 2 Fr catheter 
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Figure 15. A graph of dimensionless pressure drop 
versus dimensionless axial distance for the 
3 Fr catheter 
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Figure 16. A graph of dimensionless pressure drop 
versus dimensionless axial distance for the 
4 Fr catheter 
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Figure 17. A graph of dimensionless pressure drop 
versus dimensionless axial distance for 
the 5 Fr catheter 
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Stenosis Equivalent 
of Catheter 
In order to have a better appreciation of the e_ffects 
of the pressure drop induced by the catheter, pressure drops 
where converted to equivalent percent stenosis through 
the use of an equation developed by Young et al. (1977) 
relating the pressure drop induced by a stenosis to 
various factors. The stenosis equation is 
/';P = 
where: 
9.s = 2do 
o0/2 1/2 
dl = 2 [(a -a ) l 
0 1 
Kt = 1.5 
(5) 
for the blunt plug stenosis shown in Figure 18. Values 
of pressure drop across the stenosis were calculated 
at resting and hyperemic conditions for various percent 
stenosis, where percent stenosis is defined as 
Percent Stenosis = (l-(a1/a0 lll00 
Figure 18. A diagram of the stenosis hemodynamic model 
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Figure 19 is a graph of i'>P/p versus percent stenosis for a 
both the resting and hyperemic conditions. With this in-
formation, the dimensionless pressure drop, i'>p/p , for a 
each catheter size and axial distance from the entrance 
can be compared with these results to obtain an equivalent 
stenosis. 
Figure 19. Graph of dimensionless pressure drop versus 
percent .stenosis for both the resting and 
hyperemic conditions for a blunt plug 
stenosis with is/a0 = 2 
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DISCUSSION OF THEORETICAL MODEL RESULTS 
The major contribution to the pressure gradient created 
by the catheter has been shown to be in the section from 
Po to p 1 , i.e., where pa-Pz ~ p 0-p1 . This pressure drop 
increases with increases in flow rate and axial distance 
from the entrance and can be significant. For example, a 
4 Fr catheter in a 3 mm vessel at ~ = 10 cm produces a 
pressure drop equivalent to an 86 percent stenosis in the 
resting flow case and an 80 percent stenosis at the 
hyperemic flow rate. The fact that an 85 percent stenosis 
is generally considered critical and the fact that a 
stenosis becomes critical sooner at elevated flow rates, 
casts doubt on the ability of a 4 Fr Doppler balloon 
catheter to assess the significance of an obstruction in a 
3 mm internal diameter section of coronary artery located 
10 cm distal to the coronary ostia. Because of the expo-
nential behavior of 6B/pa versus percent stenosis (Figure 
19), 6P/pa drops abruptly at values less than 80-85 per-
cent stenosis. It is therefore indicated by this model that 
the Doppler balloon catheter should be at least less than 
, 
4 Fr in order to assess coronary obstructions in arterial 
segments having diameters of 3 mm or less, and ~ = 10 cm. 
It should be emphasized that decreasing ~ or Q, or in-· 
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creasing D0 would decrease ~p/pa' allowing a larger 
diameter catheter to be used. 
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SUMMARY AND CONCLUSIONS 
Data collected from this study suggest that it may 
be possible to assess the significance of coronary obstruc-
tions using the Doppler balloon catheter method. The 
in vitro and in vivo models have demonstrated the approxi-
mate linearity of the device, and its ability to measure 
phasic velocity and reactive hyperemia. Although the 
linearity of the Doppler balloon catheter was in general 
less in the pulsatile-flow model (compared to the steady-
flow model), the capability of the device to measure 
phasic velocity and reactive hyperemia was similar to that 
measured by the extraluminal suction Doppler probe. 
The Doppler balloon catheter appeared to perform best 
in tubes or vessels of greater than 3 mm internal diameter. 
The idealized mathematical model revealed that a 
catheter to vessel radius ratio of about 0.44 and i = 10 
cm could produce a pressure drop equivalent to that in-
duced by a critical stenosis. This means that the 
catheter to vessel radius ratios should be at least less 
than 0.44 in order to attempt measurements of the sig-
nificance of coronary arterial obstructive lesions. The 
4 Fr Doppler balloon catheter prototype seemed to work 
best in vessels and tubes of 4 mm internal diameter. This 
equates to a catheter to vessel radius ratio of 0.33. This 
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ratio is equivalent to a 3 Fr catheter in a 3 mm internal 
diameter vessel. It should be noted that the catheter 
induced pressure gradient is a function of not only the 
relative size of the catheter but also the axial distance 
and flow rate. Thus, each case would have to be considered 
individually. Specific values used in the present study 
are simply intended to be representative of values com-
monly found in the coronary circulation. 
Though precise quantitative estimates of percent 
stenosis by the Doppler balloon catheter appear to exceed 
the capability of the method, it may be possible, with 
more refinement of the prototype, to distinguish between 
critical and subcritical obstructions. It is hoped that 
the Doppler balloon method will eventually provide a 
method whereby the physiological significance of coronary 
obstructive lesions can be accurately assessed at the time 
of cardiac catheterization. 
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RECOMMENDATIONS FOR FURTHER STUDY 
Future studies should be directed at scaling down 
the diameter of the Doppler balloon catheter. This is 
most important if evaluation of coronary obstructions 
remains the major goal of this research. The develop-
ment of a 3 Fr or less size Doppler balloon catheter con-
taining a minimum of an air lumen for the balloon and a 
lumen for electrical wires would be advantageous to the 
study. Such a catheter must be stiff enough to allow 
sufficient manipulation and directive ability. 
In addition, better results might be elicited by a 
different placement of the Doppler crystal. A new 
design, in which the Doppler crystal is placed 2-3 cm proxi-
mal to the distal tip of the catheter pointed against flow, 
is currently being investigated by researchers at the Uni-
versity of Iowa. Rotation of the catheter, with this design, 
allows a better possibility to direct the crystal into the 
main flow stream and away from the wall. Preliminary 
results with this design have proved promising. It ap-
pears that the 4 Fr angioplasty catheter is too large in 
diameter for this application. A 3 Fr balloon catheter 
with a piezoelectric crystal mounted on the side pointed 
against flow would be a good choice for the next proto-
type. The distal balloon need only be capable of 
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temporarily occluding flow. 
If these improvements can be accomplished, a more 
thorough investigation of the fluid mechanics of the system 
will be required. A more advanced mathematical pulsatile-
flow model that takes into account the distal balloon, 
and the position and orientation of the catheter inside 
the vessel will probably show the pressure drops calcu-
lated by the present catheter hemodynamic model to be 
conservative. An improved model could be used to evaluate 
the total pressure drop in a vessel containing not only the 
catheter but a stenosis of varying severity at different 
flow rates. This would be followed by in vitro and in vivo 
modeling in order to confirm the results of the mathematical 
model. If the exact pressure drop could be accurately de-
termined for a given catheter to vessel radius ratio, 
axial distance from the entrance of the vessel, and resting 
velocity, then it may be possible to separate the catheters 
contribution from the total pressure drop created by the 
catheter and stenosis. The only pressure drop remaining 
would be due to the stenosis. An accurate critical versus 
subcritical evaluation of the stenosis might then be 
possible. 
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APPENDIX 
The momentum equation was used to evaluate the pressure 
rise in the expansion region just 'distal'to the tip of the 
catheter (refer to Figure 13) . The basic equation is 
Since 
(A2) 
it follows that 
and dividing by Ao yields 
(A3) 
The corresponding expression for the pressure, p 2 , is 
• 
and since u1 >u2 , then p 2 >p1 • Therefore, there is a 
pressure increase in the expansion region distal to the 
tip of the catheter, It also follows that 
(AS) 
and since 
81 
then 
also 
and therefore 
application of the Bernoulli equation yields 
and substituting for Po 
1 -2 -2 -2 p 2 =Pa+ 2p(ua-ul) - np + pu2 ((A0/A1 )-l) 
so that 
and thus 
P P = A + B + np a- 2 
where: 
(A6) 
(A7) 
(AB) 
(A9) 
(AlO) 
A+B indicates the sum of the pressure gradient in the 
expansion region and the pressure gradient in the expansion 
82 
region distal to the tip of the catheter, and 6p is the 
pressure drop, 6p = p
0
-p
1
, in the annular region along 
the catheter. Thus, (A+B)/pa indicates the significance 
of the sum of the pressure gradients in the entrance and 
expansion regions relative to the pressure drop in the 
annular region along the catheter. Calculations of 
(A+B)/pa have shown the sum of the pressure gradients in 
the entrance and expansion region to be negligible 
((A+B)/pa < 0.15) to the pressure drop in the annular 
region along the catheter. Therefore the significant 
pressure gradient is the pressure drop, 6p = p 0-p1 , in 
the annular region along the catheter. 
